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Although microscopic examination of Giemsa-stained blood smears remains the gold standard for the diagnosis of malaria, mo-
lecular detection using PCR is becoming increasingly popular. Due to discrepant PCR and microscopy results, we aimed to
optimize our detection assays for Plasmodium malariae and Plasmodium ovale by sequencing the 18S rRNA region and
developing a new primer and probe set for real-time quantitative PCR (qPCR). Clinical specimens positive for P. malariae
(n � 15) or P. ovale (n � 33) underwent amplification and sequencing of the 18S rRNA region. Based on sequence discrep-
ancies between our current primer/probe and clinical isolates, degenerate P. ovale primer and probe were developed to
determine if their performance characteristics improved. The reference (gold) standard was microscopy. No 18S sequence
heterogeneity was observed among the P. malariae isolates, and the sensitivity and specificity of our current P. malariae
qPCR assay were both 100%. Compared to microscopy, the sensitivity and specificity of our current P. ovale qPCR assay
were 72.7% and 100%, respectively. Five single nucleotide polymorphisms (SNPs) were identified in P. ovale. The sensitivity of the new
P. ovale assay increased to 100% with 100% specificity. We therefore improved the performance characteristics of our P. ovale molec-
ular detection assay through the development of a degenerate primer and probe set which accommodates 18S SNPs among
the 2 subspecies of P. ovale. Given the suboptimal sensitivity of rapid diagnostic tests for non-falciparum malaria and the
typically low parasitemia of P. malariae and P. ovale, a well-performing confirmatory molecular assay is imperative for
clinical laboratories.

There are five Plasmodium species which are known to cause
human malaria, Plasmodium falciparum, Plasmodium vivax,

Plasmodium ovale, Plasmodium malariae, and Plasmodium knowlesi
(1). Although P. malariae and P. ovale occur less frequently among
human populations, they are widely distributed and their diagno-
sis has proven challenging due to their relatively low parasitemia
and the morphology of blood stages, as well as the poor sensitivity
of rapid diagnostic tests in non-falciparum species (1, 2).

Microscopic examination of Giemsa-stained thick and thin
blood smears, rapid diagnostic tests (RDTs), and PCR assays are
the mainstays of malaria diagnostics in resourced settings; how-
ever, microscopy remains the gold standard. Diagnoses of P.
malariae and P. ovale based on microscopy present challenges due
to the technical expertise required, the typically low parasitemias
associated with these species, and the similar morphological fea-
tures to other Plasmodium species (1). PCR assays may be either
genus or species specific and do not require extensive training
to perform; however, significant laboratory infrastructure is
required, thus limiting their use to resourced settings (3, 4).
Our current molecular approach to the diagnosis of malaria
involves use of one Plasmodium genus-specific and two duplexed
Plasmodium species-specific real-time quantitative PCR (qPCR)
assays, which can discriminate among the 4 common human
malaria species, as described by Khairnar and colleagues (3). A
recent case of P. ovale in which real-time quantitative PCR was
indeterminate, with sequencing required to resolve the causative
malaria species (5), and our own experience with discordant re-
sults using current qPCR and microscopy, highlight the challenges
of laboratory diagnostics in malaria. Genetic polymorphisms be-
tween the classic (P. ovale curtisi) and variant (P. ovale wallikeri)

subspecies of P. ovale may render the molecular detection of these
two species difficult (6).

In the present study, we aimed to optimize the diagnostic
qPCR currently used in our clinical laboratory for Plasmodium
malariae and Plasmodium ovale through sequence analysis of the
18S rRNA region and develop new primers and probes which
could accommodate any sequence heterogeneity.

MATERIALS AND METHODS

Specimens. Between January 2007 and July 2013, 15 whole-blood speci-
mens positive for P. malariae and 33 specimens positive for P. ovale were
examined in our laboratory and banked at �80°C following diagnostic
testing. Microscopy was performed by examination of Giemsa-stained
thick and thin blood films by certified medical lab technologists. Rapid
diagnostic testing was conducted with a BinaxNow malaria kit (Alere,
ME) according to the manufacturer’s instructions. P. falciparum, P. vivax,
P. malariae, and P. ovale small-subunit rRNA DNA clones (MRA-177,
MRA-178, MRA-179, MRA-180, and MR4; ATCC, Manassas, VA) were
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used as positive-control materials. Randomly selected banked specimens
positive for P. falciparum (n � 20) (with parasitemia ranging from �0.1 to
28.6%) or P. vivax (n � 20) (with parasitemia ranging from �0.1 to 0.9%)
or negative for Plasmodium (n � 20) (confirmed by microscopy and
qPCR) were used as negative-control specimens for calculation of perfor-
mance characteristics.

DNA extraction. DNA was extracted using the DNA Minikit blood or
body fluid spin protocol (Qiagen, Germantown MD). A total of 200 �l of
frozen whole blood was thawed and each sample was eluted with 60 �l AE
buffer and stored at �20°C prior to use.

Real-time PCR. Our current molecular diagnostic assay includes 4
qPCRs: human beta-2-microglobulin (B2MG) extraction control, Plas-
modium genus specific, P. falciparum/P. vivax species-specific duplex, and
P. malariae/P. ovale species-specific duplex qPCR as previously described
by Khairnar and colleagues (3, 4). The P. falciparum/P. vivax duplex qPCR
was conducted with the P. malariae and P. ovale specimens to exclude
mixed infections. The P. malariae/P. ovale duplex qPCR was conducted
for all specimens to establish the sensitivities and specificities of the qPCR
assays. All qPCR assays were run using the ABI 7900HT real-time PCR
system and under the following conditions: 50°C for 2 min, 95°C for 10
min, 95°C for 15 s, and 60°C for 1 min (45 cycles). We used 12.5 �l of
TaqMan universal PCR master mix (Life Technologies) and 5 �l of DNA
primers and probes with concentrations as previously reported (3) for a
final volume of 25 �l per reaction. All qPCR amplification curves were
analyzed using a manual threshold cycle (CT) of 0.02 and an automatic
baseline. A result was called positive if the CT value was �38 in the pres-
ence of a logarithmic amplification curve.

Amplification and sequencing of the 18S rRNA region of P. malariae
and P. ovale. Endpoint PCR of the 18S rRNA region was conducted with
high-fidelity polymerase AccuPrime Pfx Supermix (Life Technologies)
and 200 nM (each) of the primers Plasmo 18S forward (5=-ATTCAGAT
GTCAGAGGTGAAATTCT-3=) and Plasmo 18S reverse (5=-TCAATCCT
ACTCTTGTCTTAAACTA-3=), generating a 396-bp product. The cycling
conditions were 95°C for 5 min, followed by 95°C for 15 s, 58°C for 30 s,
and 68°C for 30 s for 45 cycles, and then 68°C for 5 min using an ABI Veriti
fast thermal cycler. Amplicons were visualized on 1% agarose gels with
ethidium bromide. PCR products were purified with a QIAquick PCR
purification kit (Qiagen, Germantown, MD) and eluted with 20 �l water.
Purified PCR products were Sanger sequenced using the same forward
and reverse primers with a BigDye Terminator v3.1 cycle sequencing kit
(Life Technologies) and run according to the manufacturer’s recom-
mended conditions. Sequenced products were purified by a BigDye
XTerminator (Life Technologies) and analyzed by an ABI 3130xl genetic
analyzer. Forward and reverse sequences of each sample were aligned
using Vector NTI software (Life Technologies). Sequences were verified
using a BLAST search to further confirm the species identification and to
resolve any discrepant microscopic diagnosis and species-specific qPCR
results. Alignments of P. malariae and P. ovale sequences were performed
using Mega5.2 software (7). Sequences were analyzed and compared with
our currently used real-time qPCR P. malariae and P. ovale primers and
probes (3, 4). The 18S rRNA sequences of P. falciparum, P. vivax, P.
malariae, and P. ovale from GenBank were aligned using Mega5.2 soft-
ware to determine if changes in primers and probes may have caused false
positives (Table 1).

Limit of detection for qPCR assay. Small-subunit rRNA DNA clones
MRA-179 (P. malariae) and MRA-180 (P. ovale) were 10-fold serially
diluted, yielding 8 concentrations ranging from 9 to 91 million copies/
reaction. Each dilution of the clones was run in triplicate. Mean CT values
were plotted against the log copy number/reaction to generate an equa-
tion to calculate the limit of detection (LOD) at a CT of 38.

RESULTS
Performance of current duplex P. malariae/P. ovale qPCR as-
say. Forty-eight P. ovale and P. malariae specimens were analyzed
by microscopy, RDT (Binax assay), qPCR, and Sanger sequencing.

Diagnosed species were identified based on the concordance of 2
out of 3 species-specific assays, microscopy, qPCR, and BLAST
sequence homology. All specimens were microscopy positive;
however, for a few specimens other assays were required to resolve
the species. Binax had a quick turnaround time of 20 min but
considerably lower sensitivity of 35.5% for P. ovale and 78.6% for
P. malariae (Tables 2 and 3). DNA was extracted from P.
malariae-, P. ovale-, P. falciparum-, and P. vivax-positive speci-
mens and negative specimens, and then verified by B2MG extrac-
tion control qPCR. Twenty-four of 33 P. ovale specimens were
positive for P. ovale by our current P. malariae/P. ovale species-
specific duplex qPCR (Table 2) (3). All specimens except number
25 were negative for P. falciparum, P. vivax, and P. malariae. Spec-
imen number 25 was positive for P. falciparum and P. ovale by
qPCR, but microscopy, Sanger sequencing, and BLAST analysis
confirmed it to be a single P. ovale infection only. All P. malariae
specimens (n � 15) were positive for P. malariae by qPCR with no
mixed infections observed (Table 3). Sixty P. falciparum-positive
(n � 20), P. vivax-positive (n � 20) and negative specimens (n �
20) underwent P. malariae/P. ovale qPCR and all were negative.
Thus, sensitivity of the current P. malariae/P. ovale duplex qPCR
assay for P. ovale was 72.7% with specificity of 100%, and for P.
malariae, both sensitivity and specificity were 100%. The low sen-
sitivity and the jagged amplification curve observed in the P. ovale
qPCR runs suggested some sequence heterogeneity in the regions
to which the primers and probe hybridized.

Sequence analysis. No discrepancies between the P. malariae
primers and probes and P. malariae-positive specimen sequences
were noted. Although an A/T mismatch to the P. malariae forward
primer was found in P. malariae GenBank sequence M54897.1
(data not shown), it was not observed in any of our specimens;
therefore, no modification to the primer was implemented. Se-
quence alignments of P. ovale specimens and GenBank sequences
(Fig. 1) revealed SNPs to 3 loci to which the forward primer and 2
loci to which the probe hybridized (Fig. 1). The “V” on SNP 2 was
represented by nucleotides (nt) A, C, and G. This “C” is a new
nucleotide observed in this study and was included in recently
submitted GenBank sequences (KC633224.1, KC633226.1, and
KC866363.1). It is also observed only in P. ovale curtisi (classic)
type.

We therefore modified the currently used P. ovale forward
primer and probe sequences based on these polymorphisms and
designed the new degenerate P. ovale forward primer D2 and P.
ovale probe D.

Performance of new duplex P. malariae/P. ovale qPCR as-
say. Modified P. ovale forward primer and probe sequences
(Table 4) were tested by performing qPCR on P. falciparum, P.
vivax, P. malariae, and P. ovale 18S rRNA clones. The optimized

TABLE 1 GenBank sequences used for sequence alignments

Species GenBank 18S rRNA sequence no.

P. falciparum M19173.1, M19172.1
P. vivax X13926.1, U03080.1, U03079.1, U07368.1, U07367.1
P. ovale L48987.1 (classic), L48986.1 (classic), AB182489.1

(classic), AB182490.1 (classic), AJ001527.1
(variant), X99790.1 (variant), AB182491.1
(variant), AB182492.1 (variant), AB182493.1
(variant)

P. malariae AF488000.1, AF487999.1, M54897.1
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primer/probe mix in the new assay had the following concentra-
tions: 200 nM (P. malariae forward primer), 200 nM (P. ovale
forward primer D2), 200 nM (Plasmodium reverse primer), 160
nM (P. ovale probe D), and 80 nM (P. malariae probe) (Table 4).
The P. malariae forward primer was increased in concentration
from our current assay with the aim to maintain or improve sen-
sitivity. These concentrations were found to have the highest sen-
sitivity without cross-reactivity. The new assay was further vali-
dated against the same set of P. malariae-positive, P. ovale-
positive, P. falciparum-positive, P. vivax-positive, and negative
specimens. All P. ovale-positive specimens (n � 33) were positive
with the new assay, improving sensitivity to 100% from 72.7%
while maintaining 100% specificity. Using the current assay, the
LOD for P. malariae was 115 copies/reaction, while the LOD for P.
ovale was 452 copies/reaction. With the new assay, the LOD for P.
malariae was 84 copies/reaction and the LOD for P. ovale was 477
copies/reaction. Therefore, the LOD for P. malariae improved
with the new assay, while the LOD for the current and new assays
were comparable for P. ovale.

Classification of P. ovale as P. ovale curtisi or P. ovale wal-
likeri. Based on GenBank sequences, we identified 3 loci that can
distinguish P. ovale curtisi from P. ovale wallikeri denoted by SNP
5 and the double-G deletions three nucleotides downstream (Fig.
1). Using these sequence differences, we classified 13 specimens
(11 cases) as P. ovale curtisi and 20 specimens (18 cases) as P. ovale
wallikeri (Table 2).

DISCUSSION

The diagnosis of malaria remains challenging in settings of non-
endemicity, yet, rapid and accurate diagnosis with species identi-
fication are required to inform treatment and are critical to posi-
tive patient outcomes (8, 9). Although microscopic examination
of thick and thin blood smears remains the diagnostic gold stan-
dard, this technique requires considerable technologist training
and ongoing internal and external proficiency assessments, and it
is insensitive at very low parasitemia. RDTs have the advantage of
rapid turnaround, but their excellent performance characteristics
are limited to P. falciparum, with suboptimal diagnostic sensitivity
for non-falciparum species, especially P. ovale and P. malariae, as
reported in this study and other studies (10, 11). Molecular meth-
ods do not require highly specialized technologists and have the
advantage of sensitivity and rapidity; however, their practicality is
limited to well-resourced reference centers, typically in settings of
nonendemicity.

In our center, PCR is used to resolve cases difficult to speciate
by microscopy, those with discordant or unusual RDT patterns,
and those in which clinical suspicion is high, but microscopy and
RDT are noncontributory. We noted several cases of microscopy
and qPCR discordance and sought to optimize our molecular de-
tection assays for P. malariae and P. ovale. Our new assay demon-
strated superior sensitivity for P. ovale and improved LOD for P.
malariae, without compromising specificity. With the recognition
of 2 subspecies of P. ovale, both of which were imported to Ontario
over our enrollment period, using a diagnostic assay that can re-
liably detect both strains is imperative to appropriate clinical
management (6). In addition, using an assay that can distinguish
the 2 subspecies may become epidemiologically important as well,
given new published information regarding their differing laten-
cies (12).

In summary, we improved our molecular detection algo-
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rithm for P. malariae and P. ovale by optimizing primers and
probe concentrations and developing a new degenerate primer
and probe set for P. ovale based on sequence analysis of the 18S
region and accommodation of known and newly identified
SNPs.
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